Glucose-6-phosphate dehydrogenase (G6PD; D-glucose &phosphate:NADP+ oxidoreductase, EC 1.1.1.49) has been purified from AspergiZZus nidulans and AspergiZZus niger by a combination of affinity and anion exchange chromatography. A 500-1000-fold purification was obtained and the final enzyme preparations were shown to be pure but not homogeneous. For both fungi the purified enzyme preparation gave two bands on native and denaturing gels. The catalytically active form is a multimer. The molecular mass of the monomers is 60 and 57 kDa for A. nidulms and 55 and 53 kDa for A , niger. Both enzymes exhibited strict specificity towards both substrates glucose 6-phosphate and NADP+. The A . niduZans and A . niger G6PD enzymes catalyse the conversion of glucose Gphosphate via a random order mechanism. Inhibition studies provided evidence for the physiological role of G6PD as producer of NADPH in both fungi.
Introduction
In fungi, the pentose phosphate and mannitol pathways are the central routes for the production of NADPH (Hult & Gatenbeck, 1978; McCullough et al., 1977) . The enzymes that generate NADPH are glucose-&phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) of the pentose phosphate pathway and mannitol dehydrogenase of the mannitol pathway. G6PD catalyses the first reaction of the pentose phosphate pathway. The main physiological role of the pentose phosphate pathway is to provide NADPH, the reducing agent in a large number of biosynthetic and detoxification reactions (Levy, 1979) . Under physiological conditions the oxidation of G6P by G6PD will be the committing step (Beutler & Kuhl, 1986) .
G6PD is a ubiquitous enzyme, so widely distributed among prokaryotes and eukaryotes that it is considered a housekeeping enzyme (Levy, 1979) . Detailed studies on this enzyme from filamentous fungi are scarce. Partial purification and characterization of the A . niger enzyme was reported by Jagannathan et al. (1956) . Some characteristics of the enzymes from Neurospora crassa *Author for correspondence. Fax +31 8370 83146; e-mail GENETICA @ RCL. WAU.NL.
Abbreoiutions : G6P, glucose 6-phosphate ; G6PD, glucose-6-phosphate dehydrogenase. (Scott & Tatum, 1970; Scott & Mahony, 1976) , Penicillium duponti and P. notatum (Malcolm & Shepherd, 1972) , Aspergillus parasiticus (Niehaus & Dilts, 1984) , Agaricus bisporus (Hammond, 1985) and Phycomyces blakesleanus (DeArriga et al., 1986) have been published.
The activity of the pentose phosphate pathway in A. nidulans is influenced by growth conditions in order to maintain a proper NADPH : NADP+ ratio (Carter & Bull, 1969; Bainbridge et al., 1971; McCullough et al., 1977; Singh et al., 1988) . Regulation of the NADPH : NADP+ ratio is not only necessary to allow the use of certain carbon and nitrogen sources such as Dxylose and nitrate (Hankinson, 1974) , but also affects the secondary metabolism. The NADPH : NADP+ ratio has been shown to influence the type and relative amounts of polyols produced in both A. niger and A. nidulans (Dijkema et al., 1985 (Dijkema et al., , 1986 as well as the biosynthesis of polyketides in the fungi Alternuria alternata (Hult & Gatenbeck, 1978) and A. parasiticus (Niehaus & Dilts, 1984) .
To study the regulation of the NADPH/NADP+ balance in aspergilli at the molecular level, we aimed to isolate and characterize both the enzymes and the genes governing decisive steps in the generation of NADPH. With the aid of the molecular genetic manipulation techniques developed for aspergilli (for a review see Goosen et al., 1992) it will be possible to relate gene structure and regulation of gene expression to the physiology of the organism. Here we report the isolation (1 5-65 YO saturation) and the precipitate was dissolved in 50 ml buffer A. After dialysis against buffer A the mixture was applied to a buffer A-equilibrated Cibacron Blue column (bed volume 100 ml), washed with 3 vols of buffer A and eluted with a linear gradient of 0-2 M-NaCl in buffer A. Active fractions, eluting at 0.8-1 M-NaCl, were pooled and dialysed overnight against buffer A. This dialysate was loaded on a buffer A-equilibrated FPLC-Mono Q HR 5 / 5 (Phannacia) anion exchange column (bed volume 4 ml) at room temperature. The column was washed with buffer A and eluted with a non-linear gradient of 0-2 M-NaCl in buffer A; this gradient had a fairly flat slope from 0-1 M followed by a steep slope from 1 -2~. Active fractions eluting at 0.8-1*0 M-NaC1 were pooled, dialysed against buffer A, reloaded on a buffer A-equilibrated FPLC-Mono Q HR 5 / 5 column and eluted with a non-linear 0-1.0 M-NaC1 gradient (flat slope from M . 8 M-NaCl and a steep slope thereafter) in buffer A. Active fractions were again pooled, dialysed against buffer A and rechromatographed on a 5 ml Cibacron Blue column with a linear 0-2M-NaC1 gradient in buffer A. After pooling and dilution of the active fractions this last step was repeated. The G6PD-containing fractions were stored at 4°C and for some purposes dialysed against buffer A and lyophilized in a Speedvac.
Enzyme assays. G6PD activity was measured at 30 "C in 50 mMtriethanolamine (pH 75), 5 mM-EDTA according to Lohr & Waller (1 974) . Under standard conditions the reaction mixture contained 790 ~M-NADP' and 720 ~M -G~P (Boehringer Mannheim). One enzyme unit is defined as the amount of enzyme required to reduce 1 p o l NADP' under the conditions specified. Effects of various compounds were examined by either incorporating them into the reaction mixture or preincubating the enzyme before adding substrates. Kinetic parameters were determined by least square regression ; plotting of lines, replotting of intercepts and slopes were performed using Harvard Graphics.
Protein concentrations were determined by the Lowry method or using the Bio-Rad assay.
Polyacrylamide gel electrophoresis. Electrophoresis of native proteins was carried out in 10% (w/v) polyacrylamide gels at pH 8-9 as described by Davis (1964) . Proteins were stained with Coomassie Brilliant Blue R-250. G6PD activity in native gels was detected as described by Shaw & Prasat (1970) . SDS-PAGE was performed by the method of Laemmli (1970) . Isoelectric focusing was performed in 5 % polyacrylamide slab gels containing ampholytes spanning a 5-8 pH range, using the FBE 3000 apparatus (Pharmacia) according to a protocol supplied by the manufacturer. A standard mixture (Serva) of amyloglucosidase (PI 3 9 , ferritin (44), bovine albumin (4-7), plactoglobulin (5.34), conalbumin (5.9), horse myoglobin (7.3), whale myoglobin (8.3), ribonuclease (9.45) and cytochrome c (10.65) was used to calibrate the gradient.
Production of antisera. Antibodies were raised in male New Zealand White rabbits by injecting purified A. nidulans or A . niger G6PD in Freund's complete adjuvant on day 1 and day 30. Antibody titres were checked 9 d after the second injection in an Ouchterlony agar diffusion test (Ouchterlony & Nilson, 1978) . Two days later blood was collected, allowed to clot for 1-2 h at 25 "C, left overnight at 4 "C and spun to collect the antiserum. The antiserum was stored at -20 "C. Antibodies against a commercial preparation of Saccharomyces cerevisiae G6PD (Boehringer Mannheim) were kindly provided by H. C. M. Kester (Dept. of Genetics, Wageningen).
Western blotting and G6PD specijic enzyme immunoassay. Proteins were transferred from SDS-polyacrylamide gels to nitrocellulose (Schleicher and Schuell BA-85) by electroblotting in 25 mM-Tris, 192 mwglycine (PH 8.3) and 20% (v/v) methanol for 3 h at 60 V (200 mA). Blots were blocked in 3 % (w/v) gelatin in 20 rnM-Tris/HCl @H 7.5) and 0.5 M-NaCl. After extensive washing, the blots were incubated with G6PD antibody diluted in blocking buffer (1 : 250) at room temperature for at least 2 h with gentle agitation. Again the blots were washed and incubated with diluted (1 : 3000) goat anti-rabbit gamma-globin-alkaline phosphatase conjugate and hally stained with the Immune Blot assay kit according to the manufacturer's instructions (Bio-Rad). For the G6PD specific enzyme immunoassay, the G6PD antibody-incubated blots were washed in buffer A and subsequently incubated for at least 4 h at room temperature with 2-3 U of either A. nidulans or S. cerevisiae G6PD enzyme in buffer A. After removal of unbound G6PD the blots were stained for G6PD activity according to Shaw & Prasat (1970) .
Determination of molecular mass by gel $filtration. Gel filtration was carried out at 4 "C either on a 83 x 2 cm Sephacryl S-300 or a Sephacryl S-200 (Pharmacia) column equilibrated with buffer A. The column was calibrated using ferritin (450 kDa), cataiase (240), aldolase (1 60) and bovine serum albumin (68).
Enzyme puriJication
G6PD from A . niger and A . nidulans were purified by exactly the same procedure. Starting with 100 g of frozen mycelium, recoveries of 15-30 YO were usually obtained with an overall 500-1 000-fold purification. Represen- * 1 unit of G6PD activity is the amount of enzyme required to produce 1 pmol NADPH min-'
tative examples of the purification of the A . niger and A . nidulans enzymes are presented in Table 1 . In the first step (ammonium sulphate fractionation) a recovery of more than 100 % was consistently observed, presumably due to the removal of interfering material from the homogenate, resulting in some activation of the enzyme. In the affinity chromatography step some irreversible binding of G6PD to the Cibacron Blue matrix was observed. After the resin had been used once no more activity was lost. This step allowed the removal of large amounts of protein with excellent recovery of activity. Elution of the Cibacron Blue column with 100 ~M-NADP+ did not result in the release of bound enzyme. However pre-incubation of a purified enzyme preparation with NADP+ before application resulted in reduced affinity for this matrix. In this respect, results are in accordance with those for yeast (Reuter et al., 1986 ), but contrast with those for sea urchin (Matsuoka, 1988) . Procion Red P3BN (Reuter et al., 1986) was tested as an alternative matrix for enzyme purification; the affinity was much lower than for Cibacron Blue and consequently recoveries were poor. Also no elution of enzyme activity from this resin was observed with 100 PM-NADP+.
Purity and homogeneity of the enzyme preparations
As judged from native acrylamide gels, both A . niger and A . nidulans G6PD enzyme preparations showed two bands when stained for protein. The same bands were also observed when the gels were stained for G6PD activity (data not shown). For A . nidulans one band was usually more prominent. Moreover the relative intensity of the two bands varied from one preparation to another. For A . niger these differences were less pronounced. Both purified G6PD preparations also separated into double bands with different intensities on 10 % SDS-polyacrylamide gels.
In IEF gels ( Fig. 1 ) double bands with similar intensities were observed. The deduced isoelectric points were 6-3 and 6-6 for A. nidulans and 6.4 and 6.7 for A . niger.
On Western blotting from 10 % SDS-polyacrylamide gels the antiserum, raised against the A . nidulans enzyme preparation, reacted not only with the two A . nidulans bands but also with those of A . niger (Fig. 2, Bl) . Only a weak cross-reaction with the yeast G6PD was observed (Fig. 2, Bl) . Similarly, the Aspergillus doublets reacted with antibodies raised against the yeast G6PD, indicating that both bands are related to the yeast G6PD. The reaction of this yeast antiserum with the yeast G6PD enzyme preparation was much stronger and showed multiple degradation products (Fig. 2, C1 ) besides a maj or band.
G6PD specijic detection of multiple monomers
To demonstrate that both bands visible in Coomassiestained SDS-polyacrylamide gels and Western blots were implicated in G6PD activity, ' sandwich' blotting was devised. Western blots were incubated with an excess of A . nidulans antiserum and, after removal of unbound antibody, they were incubated with the homologous purified G6PD enzyme preparation. Antibody-bound G6PD was subsequently detected by activity staining.
As shown in Fig. 2 , B2, both bands in the A . nidulans and A . niger enzyme preparations could be detected with the A . nidulans antiserum and enzyme. The yeast enzyme could not be detected with the A . nidulans antiserum/ enzyme combination. The doublets in the A . nidulans preparation gave a stronger signal than the two bands in the A . niger preparation. Conversely with the A . niger G6PD antiserum and enzyme, the two bands in the A . niger preparation stained more strongly than the A . nidulans doublets (not shown). In a similar experiment with the yeast antiserum and enzyme preparation, the yeast bands stained heavily. Additionally, only one weak band was observed in the A . nidulans preparation and no signal was found for A. niger (Fig. 2, C2) .
The specificity and sensitivity of the G6PD 'sandwich' Western blot were so high, that for A . niger as well as for A . nidulans the two monomeric forms could be detected in 15-30 pg protein of a crude extract. Non-specific bands, sometimes observed in normal Western blots, were completely absent in the 'sandwich' blots. These results strongly indicate, that our final G6PD preparations were pure, although not homogeneous.
Molecular masses
From SDS-polyacrylamide gels ( Fig. 2A) , the molecular masses of the monomers involved in G6PD activity were estimated to be 55 and 53 kDa for A . niger and 60 and 57 kDa for A . nidulans. The molecular mass of the S. cerevisiae G6PD monomer was estimated to be 59 kDa.
The elution profiles of Sephacryl S300 as well as S200 gel filtration columns indicated a molecular mass for the native enzyme of 160 kDa for A . niger and 180 kDa for A. nidulans. G6PD activity could not be detected in other column fractions, which suggests the absence of active monomers and dimers.
Kinetics and substrate specificity
For both Aspergillus enzymes a broad pH vs. initial velocity curve was obtained, with an optimum ranging from pH 7.0 to 9.0 (not shown). Under standard assay conditions the relationship between the amount of enzyme added and the initial reaction velocity was linear. Within this linear range the reaction parameters were analysed.
The A . nidulans and A . niger enzymes exhibited absolute specificity towards the substrates G6P and NADP+. No activity was observed with NAD+ (up to 1 mM), glucose, glucose 1 -phosphate, 2-deoxyglucose 6-phosphate, fructose, fructose 6-phosphate, fructose 1,6-diphosphate, mannose or galactose 6-phosphate (up to With the two substrates normal hyperbolic saturation curves were obtained and the double reciprocal plots were linear. The 1/ V vs 1/[G6P] plots intersected at a common point above the abscissa. The kinetic parameters of A . nidulans and A . niger were deduced from Eadie-Hofstee plots of the data of the initial velocity experiments. Fig, 3 shows an example for the A . nidulans enzyme. The kinetic parameters are summarized in Table 2. 600 PM). The effect of NADPH on the initial reaction velocity was studied in more detail at several fixed concentrations of one substrate and a variable concentration of the other. For both enzymes an almost ideal competitive inhibition was observed with respect to NADP+. For G6P this was less clear, although competition was apparent. The K,(NADPH) value for the A . nidulans enzyme preparation was deduced and shown to be in the same order as the 1y, for NADP+. Because of the instability of the second reaction product, 6-phosphoglucono-b-lactone, it was not tested. Under normal physiological conditions this compound might be expected to be removed immediately (Beutler & Kuhl, 1986) . The effect of specific compounds, known to influence G6PD from other sources, e.g. AMP, ADP, ATP, palmitoyl-CoA, pyridoxal-5-phosphate and acetylsalicylic acid on the initial reaction velocity was investigated under standard conditions and in some 
Discussion
In this paper we report on a fast and efficient purification of glucose-6-phosphate dehydrogenase from two Aspergillus species. This procedure can be completed in 2 d and results in pure preparations with high specific activities. This is mainly due to the use of the affinity dye Cibacron Blue which, because of its high and specific binding capacity for G6PD, is effective in removing large amounts of contaminating proteins.
Final preparations showed double bands in both native and isoelectric focusing gels, each of which represented an enzymic form of G6PD as judged by activity staining in gels. The presence of multiple G6PD enzymes is not unprecedented since multiple bands have been observed in bacteria, plants, animals and insects. In general it used to be assumed that different multimers of one basic subunit were responsible for this phenomenon (Levy, 1979) . The observation of double bands in the SDS-polyacrylamide gels suggests that there could be two separate monomeric forms of G6PD in aspergilli. Although not excluding the possibility of contamination, detection of two bands in both preparations on Western blots, irrespective of the antiserum used, supports this suggestion.
The cross reaction of the A . nidulans antiserum is much stronger with the A . niger G6PD than with the S. cerevisiae G6PD. This strongly suggests that the two Aspergillus G6PDs are more closely related to each other than to S. cerevisiae G6PD. Definite proof for the G6PD specificity of the monomers was obtained using the 'sandwich' blot. In this procedure the divalent nature of immunoglobins is exploited. After binding of the antibody to the denatured protein on the Western blot, some of the antigen binding sites will still be available for the binding of native G6PD, provided that the protein on the blot is at least related to G6PD. Using a G6PD activity stain only G6PD specific antibodies are detected. Application of this technique is by no means limited to G6PD but can be used to detect any enzyme immunologically as long as a specific activity stain is available.
Combining these results with the data from nondenaturing and isoelectric focusing gels, we speculate that in aspergilli two G6PDs with multimeric structures consisting of two different monomers are present. Our gel filtration data are in agreement with the molecular mass of 190 kDa, previously obtained for partially purified A . nidulans G6PD (Malathi & Shanmugasundaram, 1987) and suggest a trimeric structure for the active forms from both fungi. However dimers and tetramers tend to be the rule for active G6PDs (Bonsignore & De Flora, 1972; Levy, 1979) . Retardation by interaction with Sephadex G-200, resulting in an underestimation of the molecular mass, has been reported for G6PD of A . parasiticus and S. cerevisiae by Niehaus & Dilts (1984) . To resolve the question whether the native G6PD is indeed a tetramer, SDS-PAGE of chemically cross-linked subunits might be an alternative.
Because of the small differences in molecular mass and the limited resolution of gel filtration, we cannot tell whether the G6PDs are homomeric or heteromeric structures. Assuming a tetrameric structure for both G6PDs, the observation of only two and not five bands on non-denaturing gels points towards a highly specific aggregation. The variability of relative intensities of the bands observed between different isolates can be used as an argument for proteolytic degradation, post-translational modification or even different subunits derived from two genes.
Aspergilli are known to produce substantial amounts of various proteases (van den Hondel et al., 1992) and so heterogeneity caused by limited proteolysis cannot be excluded, even though PMSF was included in all buffers at all stages. Since PMSF and EDTA inhibit only specific classes of proteases, the chance of proteolytic degradation during isolation could be reduced by employing cocktails of protease inhibitors. In this respect it is interesting to note that the multiple subunit composition reported for the arom multi-enzyme complex from N . crassa was shown to be the result of proteolytic degradation during isolation. If protease activity is stringently controlled during isolation the arom multienzyme complex can be shown to be composed of two, probably identical, subunits (Lumsden & Coggins, 1977) .
Post translational modification of G6PD has been reported for several cell types in humans in relation to differentiation, aging and disease (Levy, 1979) . The isolation of a 'G6PD modifying factor' from human leukaemic granulocytes has been reported (Kahn et al., 1976) . The exact nature of these modifications however has not been elucidated, but they did not alter the molecular mass of the enzyme.
In Acetobacter hansenii two different G6PD enzymes are encoded by separate genes. These enzymes however, have a distinct cofactor specificity: one is NAD+ specific and the other is NADP+ specific (Levy & Cook, 1991) . This cannot be related directly to the double bands observed in both Aspergillus enzyme preparations, since they were shown to exhibit absolute specificity towards NADP+.
Interestingly the NADP+-specific G6PD from the fungus N . crassa also shows multiple bands on native Glucose-6-phosphate dehydrogenase from aspergilli 2799 and isoelectric focusing gels at all stages of purification. Although only one band with a molecular mass of 57 kDa is observed on SDS-polyacrylamide gels, mutations in four unlinked genes lead to G6PD enzymes with altered electrophoretic and catalytic properties (Scott & Tatum, 1970; Scott & Mahony, 1976; Nishikawa & Kuwana, 1985) . Though definite proof has never been obtained, these four genes are thought to represent structural genes for G6PD (Scott & Mahony, 1976) . In Aspergillus oryzae two G6PD species are present in glucose-grown mycelium and a third one is specifically induced during growth on ribose. These G6PD enzymes have distinct catalytic properties and molecular masses of 92, 117.5 and 141 kDa (Muiiio Blanco et al., 1983; Ckbrian-Pkrez et al., 1989) . Since no SDS-polyacrylamide gel data were presented by the authors it is difficult to assess whether the observed enzyme forms are due to different aggregation states or to different types of subunits.
The Michaelis constants for A . nidulans G6PD differed from the ones determined [Km(G6PD) 2 0 p~ and K,(NADP+) 77 p~] by Malathi & Shanmugasundaram (1987) for a partially pure preparation. The value for the Km(G6PD) (170 p~) for a partially purified A . niger G6PD determined by Jagannathan et al. (1956) agrees with our data. The K, and Vmax for both Aspergillus G6PDs were in the same range as those reported for P. duponti, P. notaturn, A . bisporus, S. cerevisiae, Candida maltosa H and both G6PDs from A. oryzae present in mycelium grown on glucose but differed markedly from those reported by Niehaus & Dilts (1984) for the G6PD isolated from A . parasiticus.
The kinetic data for both enzyme preparations are similar to those obtained with enzyme preparations from other sources (Bonsignore & De Flora, 1972; Levy, 1979) , e.g. absolute specificity for both substrate (G6P) and cofactor (NADP+), high affinity for both substrates and strong competitive inhibition by NADPH. The double reciprocal plots of the initial velocity data have an intersecting pattern of lines, which rules out the possibility of a ping-pong mechanism. Since NADPH is a competitive inhibitor with respect to both NADP+ and G6P, a rapid equilibrium random mechanism fits our data best. A similar mechanism has been proposed for G6PD from P. duponti, P. notatum (Malcolm & Shepherd, 1972) , and Saccharomyces carlsbergensis (Holten et al., 1976) . For G6PD from human, pig and rat liver an ordered mechanism has been deduced from inhibition studies (Levy, 1979) .
The high ATP concentration needed for inhibition and the absence of any correlation with the NADPH : NADP+ ratio make it questionable whether this inhibition has any physiological significance. Such a correlation was clearly demonstrated for C. maltosa H, where the pentose phosphate pathway serves as an alternative for glycolysis to generate glyceraldehyde 3-phosphate (Rober et al., 1984) . This supports the view that in aspergilli the pentose phosphate pathway is mainly involved in providing NADPH for anabolic purposes. In general it can be stated that in both Aspergillus species the G6PD activity is regulated by the NADPH:NADP+ ratio.
Since reactive lysine residues, which can be modified by pyridoxal-5-phosphate (Vincenzini et al., 1986 ; Camardella et al., 1988) and acetylsalicylic acid (Han et al., 1980; Jeffery et al., 1985) occupy similar positions in G6PD enzymes of widely different origin, the absence of any effect of these compounds on the Aspergillus enzymes is surprising. The result appears particularly peculiar since sequence analysis of the G6PD encoding genes recently isolated from A . niger and A . nidulans showed that such a lysine is present in both enzymes in a highly conserved sequence context (P. J. H. van den Broek and others, unpublished results).
